Total potential driving force for activation of WT and G546L mutant hERG channels and the rate of channel activation
In order to compare the time course of activation in WT and G546L mutant channels that have markedly different voltage-dependencies of activation, the total energy (electrical + chemical) of activation at each potential was calculated (see Table S1 ) so as to compare activation rates in the two channels at comparable driving force (2) . The total energy of activation can be described by -(G-zVF), where G is the free energy change, z is the apparent valence, V is the membrane potential and F is Faraday's constant. From the Boltzmann fits of the data in Fig. 1C , the total energy of activation in WT and G546L channels was calculated (Table  S1 ). Table S1 shows measured values for channel activation tau and total energy, -(G-zVF) at a number of voltages. These data show that in order to compare activation rates at comparable driving forces, the rate of activation of WT should be compared at ~50 mV more depolarized than the G546L mutant. For example, at +60 mV, the total energy of activation for WT channels was 29.2 KJ/mol whereas a total energy of activation of 29.6 KJ/mol was achieved in G546L channels at +10 mV. Comparison of the tau of activation of WT and G546L channels with this in mind reveals activation tau values at equivalent driving forces of 70.9 ± 6.9 ms in WT and 43.2 ± 7.7 ms in G546L (P<0.05).
We conclude from our activation data that the closed state is destabilized by G546 substitutions because the acceleration of channel activation indicates a reduction in the energetic difference separating closed and open states. A stabilization of the open state would be manifest as a deceleration of deactivation. Since the mutations had specific effects on deactivation, it is difficult to discern whether the stability of the open state was also changed.
Correlations between hydrophobicity, size and charge of the amino acid side chain at position 546 and the effects on channel deactivation
There was no clear correlation between deactivation phenotype and the volume, charge or hydrophobicity of the amino acid side chain at position 546. Fig. S2A -C shows correlations of the weighted average tau of deactivation (an average of tau fast and tau slow weighted according to their relative amplitudes) with hydrophobicity, side chain volume, and charge. The correlations gave non-significant r 2 values of 0.27 (p=0.12) and 0.01 (p=0.78) for hydrophobicity and volume, respectively. A direct correlation with charge was not performed, since only Arg and Glu were tested in this study; however, these two substitutions of opposite charge did not alter deactivation in a consistent manner. In Fig. S2D and E, deactivation is correlated with hydrophobicity and volume considering only the uncharged residues tested. The correlations gave non-significant r 2 values of 0.09 (p=0.48) and 0.0003 (p=0.97), respectively. Fig. S2F and G show correlations of the weighted deactivation tau with side chain volume considering only hydrophilic residues (Fig. S2F ) or only hydrophobic residues (Fig. S2G ). The correlations gave non-significant r 2 values of 0.14 (p=0.53) and 0.28 (p=0.36), respectively. Finally, Figure S2H and I shows correlations of deactivation tau with side chain hydrophobicity considering "small" (<150 Å 3 ; Fig. S2H ) or "large" (>150 Å 3 ; Fig. S2I ) residues. The correlations gave a nonsignificant r 2 value of 0.002 (p=0.96) for the large side chains, but a significant r 2 value for the small residues (r 2 =0.76, p=0.02). These analyses show a positive correlation between the weighted deactivation tau and the hydrophobicity of the introduced side chain when larger bulky amino acids are not considered. This suggests that hydrophobic side chains at position 546 in the S4-S5 linker slow deactivation gating. In addition, introduction of larger amino acids may alter the deactivation process by disrupting local interactions. Correlations are Pearson Product Moment Correlations, except in the case of panel F, where a Spearman Rank Order Correlation was used, because the data were non-parametric.
Effects of TMRM labelling on hERG channel ionic current and fluorescence reports of voltage sensor movement
The sulphydryl-reactive fluorescent probe, TMRM, labelling L520C in the S3-S4 linker was used as a fluorescent reporter of voltage sensor movement. TMRM labelling of L520C channels had no significant effect on the activation curve (Fig. S3A). Fig. S3A shows G-V relationships for L520C channels in the absence and presence of TMRM labelling. V 1/2 and k values of Boltzmann fits of the data were -21.4 ± 1.6 and 9.0 ± 0.6 mV, respectively (n=6) for L520C in the presence of TMRM compared with corresponding values of -17.4 ± 4.5 and 10.9 ± 1.1 mV for L520C in the absence of TMRM (n=4). Interestingly, TMRM labelling of L520C accelerated the time course of activation (Fig. S3B ). Without TMRM labelling, the tau of activation of L520C channels was not different from WT: the tau at +60 mV in L520C was 74.1 ± 6.4 ms (n=4) compared with 70.9 ± 6.9 ms in WT (n=4). With the addition of TMRM, the tau of activation of L520C channels was accelerated at all potentials tested: at +60 mV the tau of activation was 55.2 ± 2.4 ms (n=3; P<0.05 compared with that tau value at +60 mV recorded from L520C without TMRM). Fig. S3B shows that TMRM fluorescence measurements from L520C correlate closely with the tau of activation of ionic current in L520C TMRM-labelled channels. These data explain the differences in the tau measurements of ionic current and fluorescence activation in Fig. 2 and demonstrate that the time course of activation of the fluorescence signal provides a faithful representation of voltage sensor movement that is the rate limiting step for channel opening as previous hERG fluorescence and gating current measurements have suggested (3, 4) .
TMRM fluorescence deflections report voltage sensor movement
VCF measurements of voltage sensor movement recorded from TMRM attached at L520C in the S3-S4 linker have previously been reported (3), and our results from the present study are consistent with these reports. A number of lines of evidence support the conclusion that the fluorescence reports from L520C in these studies reflect voltage sensor movement rather than direct quenching of the fluorophore by K + flux through the channel or gating at the intracellular pore: 1) fluorescence reports from TMRM labelling of the equivalent residue to L520C in Shaker, Kv1.2, Kv1.4, and Kv1.5 channels have been shown to provide a faithful report of voltage sensor movement (5-10), and the extent of S4 movement upon depolarization in hERG channels has been shown to be similar to that in Shaker (11); 2) labelling of the native C445 and C449 in the S1-S2 linker of hERG channels produced only very small fluorescence deflections in response to changes in voltage (Fig. S4A) ; and 3) 4-aminopyridine (4-AP) block of hERG L520C channels is associated with a reduction of the ionic current, but no change in the fluorescence report from TMRM ( Fig. S4B and C) . 4-AP is a useful tool in these experiments, as it is known to stabilize the closed state of Shaker channels without significantly altering ongating currents (12) . Although we did not measure gating currents in hERG channels in the presence of 4-AP, a recent study (13) suggests that 4-AP binding in hERG channels recapitulates many of the characteristics of binding in other Kv channels (9, 12, (14) (15) (16) (17) ; that is 1) binding occurs exclusively to the open state of the channel, 2) 4-AP binding and inactivation are mutually exclusive, and 3) 4-AP accelerates inactivation. With this in mind, it seems likely that the fluorescence report from L520C is a faithful report of voltage sensor movement. Figure S1 . The G546L mutation has no effect on channel inactivation.
A, B, Example WT hERG currents (B) recorded during a triple pulse protocol (A) to measure the extent of channel inactivation. Peak tail current in response to a 0 mV test pulse was measured after 30 ms conditioning voltage steps to a range of potentials following a +40 mV pulse to activate channels. The arrow in B indicates the point at which peak current was measured. The holding potential was -80 mV. C, Normalized WT and G546L mutant channel peak test pulse currents plotted against conditioning pulse potential. Data were fitted with a Boltzmann function (see Materials and Methods). V 1/2 and k values were -55.4 ± 3.1 mV and -34.7 ± 6.7 mV for WT (n=2), and -55.6 ± 7.2 mV and -28.9 ± 1.6 mV for G546L (n=4), respectively (not significantly different from WT). Table S1 . Total potential driving force for activation of WT and G546L mutant hERG channels. Values for WT and G546L activation tau compared at similar total potential driving forces. Total potential driving force is the total energy of activation described by -(G-zVF) and was calculated from the V 1/2 and k values obtained from Boltzmann fits of the G-V relationships of each channel (Table 1 ). A, typical fluorescence trace recorded from TMRM-labeled WT channels (i.e. channels lacking L520C) during a 2 s depolarizing step to +60 mV followed by 2 s hyperpolarizing step to -110 mV (holding potential -80 mV). Similar recordings were made from nine other oocytes. B, typical ionic current (upper) and fluorescence (lower) traces recorded during a 2 s depolarizing voltage step to 0 mV followed by a 2 s hyperpolarizing step to -110 mV from TMRM-labeled L520C channels in control conditions (ND96) and in the presence of 10 mM 4-AP. Fluorescence recordings are an average of three recordings. C, plot of the mean peak ionic current and fluorescence change (F/F) at the end of the 0 mV pulse in the absence and presence of 10 mM 4-AP (n=9). *significantly different (P<0.05).
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